The ribosome is a large two-subunit ribonucleoprotein machine that translates the genetic code in all cells, synthesizing proteins according to the sequence of the mRNA template. During translation, the primary substrates, transfer RNAs (tRNAs), pass through binding sites formed between the two subunits. Multiple interactions between the ribosomal subunits, termed intersubunit bridges, keep the ribosome intact and at the same time govern dynamics that facilitate the various steps of translation such as tRNA-mRNA movement. Here, we review the molecular nature of these intersubunit bridges, how they change conformation during translation, and their functional roles in the process.
5 site finger, extending ~110 Å from the solvent side of the 50S subunit to the interface, and making direct contact with the elbow region of A-site tRNA at nucleotide (nt) 19 of the D loop and nt 55-57 of the TΨC loop. The base of H38 is intrinsically flexible 40 , and contributes to movement of this helix during 30S head swiveling (see below). Electron density for the tip region of H38 is absent in available crystal structures of Escherichia coli ribosomes, consistent with H38 being mobile. Since the nature of the bridge interaction is mostly electrostatic, recognition of H38 by S13 is probably not sequence specific. In line with this idea, the loop region of H38 is less than 80% conserved among proteobacteria 41 .
Bridge B1b connects S13 and large subunit proteins L5 and L31 in the classic-state T. thermophilus ribosome, through electrostatic and possibly hydrogen-bond interactions ( Table 2 ).
The position of L31 remained ambiguous until recent structural studies uncovered its interactions within both the 50S and 30S subunit 42; 43 . In the model of full-length L31 43 , its N-terminal domain (NTD), together with L5, forms bridge interactions with S13 essentially as seen in T. thermophilus ribosomes (Table 2, Figure 3 ). Additionally, the C-terminal domain (CTD) of L31 docks onto a hydrophobic surface formed by S14 and S19, which is further stabilized by hydrogen bonding between Arg56 and backbone of S19, as well as electrostatic interaction between Arg63 side chain and the phosphate backbone of helix h42 (A1311 and G1312). Since the interaction between S14/S19/h42 and L31 has only recently been identified, we refer to it here as B1c (Figure 3 , Table 2 ). The extensive protein-protein interactions of bridge B1c may contribute to the stability of 30S head domain during intersubunit movement (see below). Truncation of H38 44 or mutating the C-terminal region of S13 that contributes to B1a (R92E/R93E or S13 1-84 45 ) has a relatively modest effect on cell growth, with the former mutation slightly stimulating translation in vitro. In contrast, S13 mutations partially disrupting B1b (R3A/I4A or S13 1-69) cause substantial growth defects and increase -1 frameshifting in vivo 45 . Although S13 is not essential, depletion of S13 significantly impairs cell growth and leads to a subunit association defect in vitro. Similar to the H38 truncation, removal of S13 from the small subunit stimulates factor-independent poly-Phe synthesis 46 . Hence, these head bridges were proposed to act as "translocation attenuators", controlling this step of elongation. The more severe phenotype caused by B1b mutations can be rationalized in the context of the structure.
The B1b interaction is sequence-specific and may depend on cooperative binding between S13, L5, and L31. Disrupting interactions between S13 N-terminus and either L5 or L31 could 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 tRNA binding. The specific tertiary structure of H69 seems to be critical for its flexibility in adopting different conformations during intersubunit movement, while maintaining the bridge interaction with h44 (see below). This is corroborated by the deleterious effects of mutations in the H69 loop region 53; 55 , and the fact that nucleotides Ψ1911-A1919 and A1912 are > 98% conserved in all domains of life 41 . Post-transcriptional modification of H69 has also been shown be critical for its conformation 56 , and may be important for bridge interactions and/or structural flexibility.
Bridge B2b is formed by hydrogen bonding between 2'-OH of C783 of helix h24 and the phosphate backbone of C1836 at the base of helix H68. In structures of the E. coli ribosome lacking A-site tRNA, additional interaction is seen between the phosphate backbone of G1516 of helix h45 and the 2'-OH of U1931 of helix H71. Loss of this interaction in the pre-peptidyltransfer complex is likely due to the domain closure movement of 30S subunit upon aa-tRNA accommodation, which strengthens the interaction of h45 with H69 and shifts it away from H71.
In line with this idea, similar widening between h45 and H71 was also seen in structures of the E. coli ribosome trapped at the decoding stage 43 .
At bridge B2c, the phosphate backbone of C1832 of helix H67 is within hydrogenbonding distance to the minor groove of C899 at the loop region of helix h27, which forms tertiary interaction with the base of helix h24. Three Mg 2+ ions coordinate additional interactions between the backbone of H67 and h24/h27 in the classic-state T. thermophilus ribosome. In the E. coli ribosome with a vacant A site, although Mg 2+ ions are not reported at B2c, the distance between H67 and h24/h27 backbones is very similar to that seen in the T. thermophilus structure. Therefore, Mg 2+ or other divalent cations may similarly coordinate interactions of B2c in the E. coli ribosome as well. Involvement of phosphate backbone of h24 in bridge interaction is supported by the observation that phosphorothioate substitution at C770 of E. coli 16S rRNA abolishes subunit association 57 . In any case, stable tertiary interaction between the GCAA tetraloop of h27 and the stem region of h24 (nt 770-772, 809-811) seems to be important for the formation of bridge B2c, as indicated by the subunit association defect when such interactions are disrupted 58; 59 . Interestingly, disruption of h24-h27 interaction from either helix also compromises translation fidelity. The stem region of h27 (nt 887-888, 892-893, 909-912) interacts directly with h44 (nt 1413-1415, 1488-1489) and S12 protein (Arg97 and Arg89), both  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 of which are important for the accuracy of decoding 9; 60 . Mutations targeting the base of h27 also confer fidelity phenotypes 61; 62; 63 , further implicating this region in the decoding process.
Bridge B3
Helix h44, the longest helix of 16S rRNA, spans the 30S interface from the neck region to the spur, and contributes to multiple bridge interactions, including B2a, B3, B5, and B6. One common feature of these bridges is that helices of 23S rRNA or side chains of large subunit protein dock into the minor groove of h44, as discussed above for B2a/d. In bridge B3, the tip region of helix H71 (nt 1947-1950, 1958-1960) of 23S rRNA interacts with h44 (nt 1418-1421, 1483-1484) through extensive hydrogen bonding, including two highly-conserved A-minor interactions ( Table 2) . Several nucleotides at B3 (A1483 and C1484 of h44, C1947 and A1960 of H71) have been shown to be critical for subunit association 64; 65; 66 , and essentially no differences in RNA-RNA interactions are observed between T. thermophilus and E. coli ribosomes. Additional bridge contacts are mediated through Mg 2+ and large subunit protein L14 through electrostatic interactions. In the T. thermophilus ribosome, a Mg 2+ ion coordinates the interaction between the phosphate backbone of G1421 of h44, G1950 and U1951 of H71, and the side chain of Glu54. In the E. coli ribosome, however, the corresponding residue of L14 is replaced with a lysine. As result, Lys54 interacts directly with the phosphate backbone of G1421 of h44, which probably excludes Mg 2+ from B3. As seen with other bridge interactions (e.g. B1b, B4, and B7a), ribosomal protein components generally exhibit more variations than the rRNA components.
Bridge B4
Bridge B4 was identified from low-resolution crystallography and hydroxyl radical probing as an interaction between the loop region of helix H34 and the small subunit protein S15 67 . Although nucleotides contributing to B4 are highly conserved (Table 2) , replacing the loop region of H34 with various tetraloops minimally affects ribosome function and cell growth 66 , which probably reflects the lack of base-specific interactions at this bridge. In addition, S15 residues contributing to the bridge vary considerably across different species. For example, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 make similar electrostatic contacts to the phosphate backbone of the 715 loop ( Figure 5A-B) .
Similarly, Gln39 of E. coli S15 and Ser39 and Lys43 of T. thermophilus S15 interact with H34 in analogous ways. It is striking that the overall structure of B4 remains largely unchanged despite these differences in the detailed molecular interactions. Indeed, although evolutionarily quite plastic, the presence of bridge B4 is needed for optimal subunit association and translation activity 44 .
Bridge B5
Further from the decoding center, a third bridge forms between h44 (nt 1428-1431, 1472-1476) and helix H62 of 23S rRNA. In contrast to B2a/d and B3, the tertiary interaction at B5 lacks base-specific minor-groove interactions, and the nucleotide sequence is much less conserved, with the only exception being the hydrogen bonding between N6 of the universally conserved A1700 of H62 and the phosphate backbone of G1475 of h44 ( Table 2 ). In agreement with the sequence variability, introducing base substitution at nucleotides 1429-1430 or 1474-1476 of h44 does not affect cell growth and shows little-to-no defect in subunit association 65 .
The same mutations do increase miscoding, which is likely due to the disruption of h44 base pairing rather than bridge interaction.
Bridge B6
The last bridge contributed by h44 is formed mainly through electrostatic interactions between its phosphate backbone (nt 1432-1433, 1463-1465) and basic residues from large subunit protein L19, with very little sequence conservation. In the T. thermophilus ribosome, a 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10
Bridge B7a and B7b
Bridge B7 links the 30S platform domain and the base of the 50S L1 stalk, close to the E site. At bridge B7a, A702 flips out of helix h23, stacks with an A-A platform (nt 1847-1848) at the stem region of helix H68, and interacts with the minor groove of G1846-C1894 and the 2'-OH of A1848 ( Figure 6A , Table 2 ). Base substitution of the highly conserved A1848 has minimal effects on cell growth and subunit association, while disruption of H68 secondary structure is more deleterious 66 . In the 70S ribosome, H68 stacks coaxially with helix H71 and forms a long continuous arm spanning the 50S interface below the tRNA binding cleft, with the stem region of H68 (nt 1850-1852) directly contacting the acceptor stem of E-site tRNA (nt 70-72) ( Figure 6C ). Interactions with H68 may facilitate movement of P-site tRNA into the P/E hybrid site during translocation, as methylation of tRNA at the 2'-OH of position 72 strongly inhibits this process 68 . A truncation of H68, predicted to eliminate B7a and compromise the 50S E site, reduces both subunit association and translation activity in vitro 44 .
Bridge B7b is formed between the stem regions of helix h23 and h24 of 16S rRNA and large subunit protein L2. In the T. thermophilus classic-state ribosome, several polar and positively charged residues are within hydrogen-bonding distance of the phosphate backbone of nucleotides 712-713 (h23) and 772-774 (h24) ( Table 2 ). In the E. coli ribosome bound with Psite tRNA, however, the distance between L2 and h23/h24 is significantly larger, with the closest polar residue of L2 more than 4.5 Å away from the 16S rRNA ( Figure 6B ). The loss of interaction at B7b in the E. coli complex could be due to the absence of tRNA in the E site. Esite tRNA interacts with S7 and S11 of the 30S, as well as the L1 stalk and helix H88 of the 50S, bringing the two subunits closer in this region. In line with this idea, in the cryo-EM reconstruction of the E. coli ribosome with E-site tRNA, there is clear evidence for bridge interaction between L2 (Gln162, Arg174, Arg176, Met200, Arg268) and h23/h24 backbone at similar region as seen in T. thermophilus ribosome ( Figure 6D , Table 2 ). The dynamics at B7b in response to E site occupancy might contribute to the reported effects of E-site tRNA on decoding 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11
Bridge B8
At bridge B8, large subunit protein L14 and L19 make contact with the loop (nt 345-346) and stem (nt 339-341) regions of helix h14 of 16S rRNA, mainly through electrostatic interactions with the phosphate backbone ( Table 2) . A Mg 2+ ion coordinates additional interactions between the peptide backbone at the C-terminal region of L14 and the non-bridging phosphate oxygen of the h14 loop. Three universally conserved nucleotides (A344, G346, G347) from h14 also interact with the loop region (A160 and A161) of helix h8 of the 16S rRNA.
Truncation of h8 or h14, as well as point mutations targeting either tetraloop, strongly decreases translation fidelity 63; 73 . Crystal structure of ribosomes with G347U mutation in the 16S rRNA showed a distortion of both h8 and h14. As a result, the phosphate backbone of h14 moves 2away from the large subunit, with the bridge interaction presumably disrupted 74 . Therefore, the integrity of h8-h14 structure seems to be critical for the formation of B8. In support of this notion, replacing the entire tetraloop of h8 or h14 while maintaining the tertiary structure has only mild effect on translation 75 .
Disruption of B8 is also seen in the ribosome complex trapped at the decoding stage 48 , suggesting that the bridge normally separates during GTPase activation of EF-Tu. Indeed, 16S rRNA mutations disrupting bridge B8 have been shown to stimulate GTP hydrolysis by EF-Tu, an effect more prominent in the presence of a codon-anticodon mismatch 63; 74 . These observations indicate that bridge B8 negatively regulates GTPase activation of EF-Tu to increase the stringency of decoding. Several sites within L14 and L19, including Gln40 of L19, which directly interacts with the phosphate backbone of h14, have also been implicated in decoding 76 .
The role of B8 in decoding might explain the unusually high degree of conservation for both RNA (h8/h14) and protein (L14/L19) components of this bridge.
The formation and disruption of bridge interactions

Formation of bridges during subunit joining
Comparison of the structures of 70S ribosome and the isolated subunits suggest that substantial conformational changes occur upon subunit joining. In the 30S subunit, the head domain tilts towards the subunit interface 38; 77; 78 , while at the body domain, h8, h14, and h44 of the 1 rRNA mo e laterally away from the platform domain by 4-7 77 . In the 50S subunit, 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 structural changes are observed mainly at H34 and H69 of the 23S rRNA, as well as protein L2, L14, and L19, while other flexible regions, such as H38, L1 and L11 stalks, become restrained in the 70S ribosome 77 . Most of these mobile elements are located at the subunit interface and contribute to the bridge interactions. For example, compared to that seen in the free 50S, the tip region of H69 moves about 14 towards the 30S in the 70S ribosome, forming bridge B2a/d with h44 79 .
During translation initiation, subunit joining occurs between the 50S subunit and the 30S initiation complex (30SIC), in which mRNA, fMet-tRNA, and three initiation factors are bound. In the rotated   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 conformation of 70SIC, however, since the acceptor stem of fMet-tRNA is titled towards the 50S E site, a gap between H69 and fMet-tRNA would appear to accommodate IF3 CTD without interfering with the formation of bridge B2a/d and B2c. It is evident that the stability and conformation of initiation factors in the 30SIC is affected by the identity of codon-anticodon pairing in the 30S P site, as well as the interaction between 30S and translation initiation region (TIR) of the mRNA 85; 92; 94; 95 . For example, competition between IF3 and H69 for 30S binding controls 70SIC formation and is strongly influenced by codon-anticodon pairing, explaining the fidelity function of IF3 92 . Indeed, key functions of the initiation factors in regulating bridge formation allow the initiation process to be both fast and accurate.
The kinetics of bridge formation during subunit association (in the absence of other ligands) has drawn the attention of several groups. Time-resolved chemical probing experiments provided evidence that h27 and h44 (A1408) are among the first regions of 16S rRNA to be protected by 50S, suggesting that B2c and B2a/d establish early in the process, followed by B3 (A1418 of h44), B6 (A1441 of h14) and B7a (A702 of h23) 96 . In a time-resolved cryo-EM study, it was concluded that bridge B2c, B4, B5, and B6 take longer to form than the other bridges 97 . Although there are some discrepancies between the two studies, both suggest that bridges at the center of subunit interface (e.g. B2a/d and B3) form earlier than those at the periphery (e.g. B4, B5, B6). This conclusion has been challenged, though, by a recent cryo-EM study of higher-resolution, which finds no evidence for step-wise bridge formation at preequilibrium (e.g., 60 ms) time points 98 . Clearly, further work will be needed to resolve these incongruities. Even so, development of these methods to obtain time-resolved structural information is progressing rapidly, and future high-resolution studies in the presence of initiation ligands may soon reveal the real-time process of subunit joining.
Disruption of bridges during ribosome recycling
After translation termination, the 70S ribosome is left with a single deacylated tRNA oscillating between the classic P/P and hybrid P/E sites (P/E-tRNA occupies the 30S P site and the 50S E site) 99; 100; 101 . RRF binds the post-termination complex (PoTC) with P/E-tRNA, in which the 30S head is swiveled by 6° towards the E site, and the subunit is rotated by 8°, compared to the classic-state ribosome 24 . When bound to PoTC, the elongated domain I of RRF interacts directly with H 9 of the 23 rRNA and shifts the tip of the helix 4 away from h44 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 of the 16S rRNA, disrupting bridge B2a/d 102; 103 . RRF also contacts H71 of the 23S rRNA in the PoTC, although without inducing any structural changes. In the complex with the 50S subunit and EF-G, RRF packs H69 and H71 closer to each other 33 . This rearrangement at the center of 50S interface seems to be the reverse of that seen in subunit joining, and suggests that the function of RRF in subunit splitting may lie in disrupting bridge B2a/d and B3. In line with this idea, deletion of H69, which abolishes interactions at B2/d, allows ribosome recycling in the absence of RRF 104 . The role of EF-G in ribosome recycling is less well understood, but it has been shown that both GTP hydrolysis and inorganic phosphate release are required before subunit splitting occurs 105 . Presumably, both events promote conformational changes in EF-G, which affect its interaction with RRF and the ribosome. For example, based on a cryo-EM reconstruction of PoTC•EF-G•RRF complex stabilized with fusidic acid, EF-G triggers rearrangement between the two domains of RRF similar to that seen in the 50S-bound state 33 , and reverses head swiveling and intersubunit rotation of the ribosome. This structure may resemble the transition state intermediate that precedes splitting of the two subunits 102 . Binding of RRF and EF-G also induces a conformational change at the central protuberance of the 50S subunit, which may weaken the bridge interaction with the 30S head domain to promote subunit separation 102; 106 .
Rearrangement of bridge interactions during translation
A "ratchet-like" intersubunit mo ement was first obser ed in cryo-EM reconstructions of EF-G-bound ribosomes 107 . As shown later in higher-resolution structures, this movement actually entails a counterclockwise rotation of the 30S relative to the 50S, as well as a swiveling motion of 30S head (Figure 7) . Similar movement has been implicated not only in translocation but also in subunit joining, peptide release, and ribosome recycling (see abo e). This "racheting" is strongly influenced by the acylation state of the bound tRNAs. In particular, the P-site tRNA needs be deacylated (lack a peptidyl group) for racheting to be thermodynamically favorable 20; 99; 108; 109 . This is because racheting is coupled to the movement of tRNA into the P/E hybrid site, which is strongly inhibited by a peptidyl group. Intersubunit rotation and head swiveling cause most bridges seen in the classic-state 70S ribosome to undergo conformational change or to break and form new interactions between the two subunits. These bridge rearrangements help explain how the integrity of 70S ribosome is maintained during classic-to-hybrid transitions. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15
Head swiveling
The 30S head domain is dynamic, presumably due to flexibility of the neck region.
Multiple states of head swiveling, with rotation up to 20°, have been visualized in different functional states of the ribosome. Recent analysis of these complexes revealed two hinge points for head movement, a single-nucleotide bulge (G926) of the neck helix h28, and a three-way junction formed by helices h34, h35, and h38 of the 16S rRNA 110 . In the head-swiveled ribosome, the kinked h28 is straightened, while h34 is rotated counterclockwise around h35, compared to the classic-state 70S. As a result, bridge interactions between S13 and H38 of the 23S rRNA (B1a) or L5/L31 (B1b) are disrupted, with small subunit protein S19 moving close to H38, and the C-terminal region of S13 approaching L5/L31. Comparing ribosome complexes with different degree of head swiveling suggests that, although the 30S head domain is held in approximation to the 50S central protuberance in all conformations, interactions at these interface regions are not always maintained. For instance, in an EF-G-bound complex with ~6° head swiveling, no specific interaction is established between the closely located H38 and S19, or L5/L31 and S13 17 . Since 30S head undergoes structural change over a wide and continuous range of swiveling motion 110 , and each conformation forms unique interface between H38/L5/L31 and S13/S19, it is unlikely that these > 40 different states can be stabilized by the few contact points at B1a and B1b, as see in the classic-state ribosome. As mentioned above, L31 protein, which binds L5 at the lateral solvent side and makes extensive contacts with S14 and S19 proteins through bridge B1c (Figure 3 , Table 2 ), may in fact be more important for bridging the interaction at the 30S head 111 . In a recent cryo-EM reconstruction of hybrid-state ribosome with 30S head swiveled, as S19 moves closer to L5, the flexible linker region of L31 becomes more compact, while the NTD and CTD maintain their interactions with L5 and S14/S19, respectively 43 . Therefore, L31 might be critical in connecting 30S head and 50S during intersubunit movement. Further support of this idea comes from the crystal structure of RF3bound hybrid-state ribosome, in which 30S head adopts a similar conformation to that seen in the EF-G-bound complex mentioned above, while the partially resolved L31 CTD (aa. 44-47) docks into a pocket formed by hydrophilic residues and peptide backbone (aa. 22-27, 43-48) from S19 22 .  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16
Intersubunit rotation
Similar to head swiveling, various extents of intersubunit rotation of up to 10° have been observed. Comparing different states of rotated ribosome suggests that the pivot point lies near bridge B3, which maintains largely the same conformation as seen in the classic-state 70S 22; 24 .
ost of the other bridges in the 3 body domain undergo rearrangement during intersubunit rotation. At bridge 2a d, although most interactions between h44 h45 and H 9 are preser ed in the rotated ribosome, the base of h44 mo es -7 towards the E site, and H 9 is compressed by 5-7 22; 24 . As a result, A1913 at the loop region of H69 inserted further into the minor groove of A1408 and A1492 of h44, compared to a classic-state ribosome with vacant A site, while C1914 of H69 partially or completely loses its interaction with the h44 backbone. The twisted conformation of H69 in the rotated ribosome is probably stabilized by the flipping out of C1925 at the base of the helix, and the alternative base pairing formed by the universally conserved U1926 and G1929. Although a Mg 2+ ion at B2a/d is not visualized in all rotated ribosomes, the distance between U793 (h24), G1517 (h45), and C1920 (H69) seems to be compatible with Mg 2+ -coordinated interaction, as seen in the classic-state 70S. In contrast, the gap between the backbone of h24 and H68, as well as h24/h27 and H67, is significantly widened in the rotated ribosome, resulting in complete loss of B2b and B2c.
Another bridge interaction preserved in the rotated ribosome is B4, where H34 bends by about 12° and its loop region maintains similar interaction with protein S15 as seen in classicstate ribosome 22; 24 . The flexibility of H34, which protrudes from the interface of 5 subunit by 5 , contributes to the stability of 30S platform region in different states of rotation. This is particularly important because another platform bridge, 7a, loses all of the base stacking and minor groo e interaction, as A7 2 of h23 mo es away from H 8 by 13 in the rotated ribosome 24 . The weakened interaction at B7a is partially compensated by the more compact interface between h23/h24 and protein L2 at bridge B7b ( Table 2 ). In addition, the closure of L1 stalk in the hybrid-state ribosome establishes new interaction between the backbone of 23S rRNA and small subunit protein S7 ( Table 2) . Bridge B5 is located close to the pivot point and bears minimum lateral movement during intersubunit rotation. Therefore, most interactions between the backbone of h44 and H62 are retained in the rotated ribosome 17; 23; 24 . In the 9°-rotated T. thermophilus ribosome with RF3 bound, howe er, h44 and H 2 are completely separated, with the closest polar residues 4. 4   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 away from each other 22 . This is not likely due to phylogenetic differences or structural changes induced by specific ligands, as the RRF-bound T. thermophilus ribosome and the RF3-bound E. coli ribosome both showed retention of interactions between h44 and H62. Since B5 lacks minor groove interactions that usually restrain the tertiary structure, it is possible that this bridge could be disrupted with a larger degree of intersubunit rotation in E. coli ribosomes, which has only been visualized under low resolution 16 .
Near the spur region of the 30S, intersubunit rotation packs h44 and h8/h14 of the 16S rRNA closer to large subunit protein L19 and L14, and therefore results a strengthened interaction at bridge B6 and B8 in E.coli ribosomes ( Table 2) 24 . Interestingly, the T. thermophilus-specific interaction between h44 and H101 of the 23S rRNA or the extended Cterminus of L19, is largely lost in the rotated ribosome, presumably resulting in a weaker B6 22 .
In addition, a more flexible loop formed by residues 30-40 of T. thermophilus L19 docks on h8/h14 in a much looser conformation, compared to its E.coli counterpart. This phylogenetic difference in L19 may help to explain the higher tendency for E.coli ribosomes to adopt the rotated conformation in the absence of ligand binding 24; 77; 112 .
In contrast to the strict need for preserving bridge interaction at the 30S head domain, where only a single surface of contact exists, loss (e.g. B2b, B2c, and B5) or rearrangement (B7 and B8) of bridge interaction at the body domain during intersubunit movement is more tolerable, as the unchanged bridges (B2a/d, B3, B4) help to maintain subunit association. In order for B2a/d, B3, and B4 to remain intact upon intersubunit rotation, components of these bridges (H69, H71, and H34 of the 23S rRNA) need to undergo conformational change and presumably enter a higher-energy state in the rotated ribosome. This distortion is probably compensated for by a combination of alternative bridge interactions, contacts established by hybrid-site tRNAs, as well as interactions between translation factors and the ribosome. In addition, bridges at the 30S head domain also influence the equilibrium of intersubunit rotation, as shown by smFRET 113 .
Relevance of head swiveling and intersubunit rotation to translocation
In each round of elongation, decoding culminates with transfer of the nascent peptide chain from the P-site tRNA to the A-site tRNA, forming the pre-translocation (PRE) complex. In the PRE complex, the tRNAs can rapidly fluctuate between the classical (P/P, A/A) and hybrid 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 (P/E, A/P) sites, movements accompanied by the ribosomal motions of racheting. Recent biophysical studies of the PRE complex have shown that while these motions (classic-to-hybrid tRNA movement, intersubunit rotation, head swiveling) are coupled, they are loosely (or partially) coupled 20; 114 . Indeed the PRE complex is a highly dynamic complex with two predominant low-energy conformers-corresponding basically to the classic state (unrotated, unswiveled, P/P-tRNA) and hybrid state (rotated, swiveled, P/E-tRNA).
Translocation entails not only movement of the tRNAs within the 50S subunit (i.e. hybrid 
Concluding remarks
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